lies at the side of a cavity that we proposed to be the propofol-binding site. 14 One uncertainty with photolabeling is to what extent the inevitable modification of the parent drug causes it to bind at a different site. In this article, I am taking a different tack and one that is independent of the experimental approaches mentioned above. It is based on the simple idea 16 that anesthetics bind to a particular channel conformation rather than another because an anesthetic-binding site is created by the conformational changes that occur during channel opening. Thus, in the presence of anesthetic, one channel conformation would be statistically favored over others. Consequently, possible anesthetic-binding sites might be identified by a detailed comparison of channels in different states.
Until recently, there were no crystal structures of any ligand-gated ion channel of the cys-loop receptor family in both the open and closed states. However, a structure of the proton-gated channel Gloeobacter ligand-gated ion channel (GLIC) from Gloeobacter violaceus in a closed state has now been published, 17 which can be compared with the known open state structure. 18 Also, the closed state of the glutamategated chloride channel (GluCl) from Caenorhabditis elegans has just been determined, 19 which can be compared to the previously determined structure of the channel in its open state. 20 Finally, very recently, the crystal structure of a human GABA A receptor, consisting of a pentamer of β3 subunits, has been solved in a likely desensitized state. 21 I show in this article how a comparison between these structures can give an insight into the location of anesthetic-binding sites on mammalian GABA A receptors.
Materials and Methods

Sequence Alignments
Sequence alignments were performed using Clustal Omega 22 via the European Bioinformatics Institute Web site.*
Docking Calculations
Docking of propofol into putative anesthetic-binding sites was done using AutoDock Vina 23 on a Hewlett Packard PC (Palo Alto, CA) with an Intel i7-3770 quad core processor. The initial conformation for propofol was taken from the ZINC † database, 24 and the bonds from the aromatic ring to the hydroxyl group and the two isopropyl groups were allowed to rotate freely during the docking calculations. The target structure consisted of chains A and B of the pentameric GABA A β3 receptor (Protein Data Bank ID code [PDB ID]: 4COF). Before docking, all hydrogen atoms were included, partial charges were added, and nonpolar hydrogens were merged. The grid spacing was 0.375 Å, and the initial search volume was the entire TM (125,280 Å 3 ). Once the location of the lowest-energy mode was established, which was adjacent to H267, the residue labeled by the propofol analog, ortho-propofol diazirine, 14 the subsequent searches were centered on this residue and the volume reduced to a 40 Å cube. All of the residues in the putative propofol-binding sites were allowed to be flexible during docking. The binding energies, ∆G, in kcal/mol calculated by AutoDock Vina were converted to binding constants, K, in molar units using ∆G = RT ln(K), where R is the gas constant (1.99 × 10 −3 kcal K −1 mol −1 ) and T is room temperature (300 K).
Molecular Graphics
Images of the structures were made using the PyMOL Molecular Graphics System (Version 1.5.0.4 Schrödinger, LLC, Cambridge, MA), and the views showing movements of Cα carbon atoms on channel opening-closing were calculated using a script (colorbyrmsd.py) available via the PyMOLWiki Web page. ‡
Results
Comparison between the Open and Closed GLIC Channel Structures
The structures of the proposed open (PDB ID: 3EAM) 18 and closed (PDB ID: 4LMK) 17 states of the GLIC channel from G. violaceus were superposed using all five subunits of the pentameric channel. The superpositions of the transmembrane and extracellular domains were done independently. For the superpositions of the extracellular domain, the first 12 residues were excluded because they were either missing or very variable between the two structures. The distances between the Cα carbon atoms in the two structures were then calculated and color-coded in the views shown in figure 1 . Figure 1A provides an orientation for the reader and shows the receptor viewed from the extracellular surface with two chains (A and B) colored in yellow and green, respectively. The standard view adopted for subsequent illustrations is provided in figure 1B , which shows the channel viewed from inside the channel pore (in the direction indicated in fig. 1A ). 
Comparison between the Open and Closed GluCl Channel Structures
The structures of the proposed open 20 (PDB ID: 3RHW) and closed 19 (PDB ID: 4TNV) states of the GluCl channel from C. elegans were superposed using all five subunits of the pentameric channel. The superposition of the transmembrane and extracellular domains was done independently. For the superposition of the extracellular domain, 102 to 105 were excluded because they were either missing or very variable between the PERIOPERATIVE MEDICINE two structures. The distances between the Cα carbon atoms in the two structures were then calculated and color-coded in the views shown in figure 1, E and F, which illustrate the open and closed states of the GluCl channel, respectively. As with GLIC, a hot spot where the Cα carbon atoms move most can be seen at the top of TM2, but in GluCl, this movement extends along the TM2/TM3 loop to the top of TM3; the maximum movement between the two structures is 6.9 Å.
Molecular Docking of Propofol into the Structure of the GABA A β3
Homomer A structure of the human GABA A receptor consisting of a pentamer of β3 subunits has been recently determined 21 at 3Å resolution (PDB ID: 4COF). The receptor was crystallized with an agonist (benzamidine) bound in the agonist-binding site, but with the channel closed at the base (intracellular side) of the pore. This is consistent with a desensitized state. However, despite the pore being closed at the base of the pore, the channel structure at the top of the pore much more closely resembles an open channel than a closed channel. This is illustrated by table 1, which shows a comparison between the desensitized β3 homomer and the open and closed states of GLIC and GluCl at the top of TM2/TM3-the hotspot of channel movement on opening or closing (see also the study by Miller and Aricescu 21 ). Because this desensitized structure resembles an open channel structure in the region identified to bind ortho-propofol diazirine by photolabeling, 14 and because kinetic models show that the actions of propofol are best mimicked by binding sites on both the desensitized and open states, 7,25 I used the desensitized structure, 4COF, as a target for docking propofol.
Molecular docking identified the lowest energy putative propofol-binding site immediately adjacent to H267, the residue that had been photolabeled using ortho-propofol diazirine.
14 The site (site 1) showing the lowest binding energy (−8.3 kcal/mol, corresponding to a dissociation constant of 0.7 μM at 22°C) is illustrated in figure 2A . (The top four binding modes in this site had binding energies ranging from −8.3 to −7.2 kcal/mol.) The propofol molecule lies in a largely hydrophobic cleft between TM2 from chain A and TM2 from the adjacent subunit, chain B, with additional interactions with residues from TM1 of chain A. The polar oxygen of the propofol molecule lies 2.8Å from the mainchain carbonyl oxygen of Q224, and this could result in a strong hydrogen bond. This is similar to the tighter of the two binding sites in human serum albumin where the propofol oxygen is 3.1 Å from a main-chain carbonyl oxygen. 26 A second putative propofol-binding site, site 2, is essentially the same as that previously identified using homology modeling 14 and is illustrated in figure 2B . This site lies mainly between TM2 and TM1 in chain A, with some interactions with residues in TM2 from the adjacent subunit, chain B. The polar hydrogen of this propofol molecule could hydrogen bond with the oxygen atom of T225. However, propofol is predicted from the docking algorithm to bind significantly weaker than in site 1, with a predicted binding energy of −6.0 kcal/mol, which corresponds to a dissociation constant of about 40 μM. (The top four binding modes in site 2 had binding energies ranging from −6.0 to −5.4 kcal/mol.)
Both sites lie within the region of maximum movement during channel opening and closing. This is shown in figure 3 . Figure 3A shows the alignment of the amino acid sequences of GLIC (Q7NDN8) and GluCl (G5EBR3) with the three β subunit sequences (β1, β2, and β3) from the human GABA A receptor (P18505, P47870, and P28472, respectively) over the regions of the sequence containing the amino acid residues in both of the predicted propofol-binding sites. Comparison between which amino acid residues move on channel opening and those amino acids that line the binding cavities are shown in figure 3 , B and C. These graphs show the movement (in Å) of the Cα carbon atoms, averaged over all five subunits for GLIC ( fig. 3B) and GluCl ( fig. 3C ). Superimposed are red circles that indicate all the residues that line the propofol-binding site 1 and red crosses that indicate all the residues that line the propofol-binding site 2. There is a strong correspondence between those residues that move most on channel opening and those that line the cavities.
I also investigated a site at the lipid-protein interface, which has been proposed as a propofol-binding site based on photolabeling of α1β3 GABA A receptors by the propofol analog AziPm. 15 Photolabeling identified two residues in the β3 subunit (M286 in TM3 and M227 in TM1) and two residues in the α1 subunit (M236 in TM1, equivalent to M227 in the β3 subunit and I239 in TM1, equivalent to I234 in the β3 subunit). Docking centered on this region (20-Å cube centered on F289) confirmed a cavity exists in the crystal structure of the β3 homomer that is lined with seven residues (M227, L231, I234, in TM1 and M286, F289, V290, and F293 in TM3), which included the four residues, or their equivalents in α1, that were photolabeled by AziPm. 15 Docking into this site, with these residues allowed to be flexible, gave a predicted binding energy of −6.4 kcal/mol, which corresponds to a dissociation constant of 22 μM. (The top four binding modes in this site had binding energies ranging from −6.4 to −6.2 kcal/mol.) This is comparable to the weaker of the two binding sites identified above. However, this site is not state-dependent, with none of these residues moving much on channel opening or closing, based on the structural changes that occur in GLIC and GluCl (see black circles in fig. 3 , B and C). It should be stressed, however, that these calculations were done on a homomeric, not a heteromeric, structure. Figure 4 , A and B shows 12-Å sections through the GABA A β3 structure perpendicular to the transmembrane helices at the level of the two propofol-binding sites adjacent to H267. Both sites lie between TM1 and TM2 in the same subunit and the two TM2 domains of neighboring subunits. Figure 4 , C and D shows the movements of these transmembrane 
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helices on channel closing for both GLIC ( fig. 4C) and GluCl ( fig. 4D ). For both channels, the relative movements of TM1 and TM2 are very similar. (For GluCl, but not for GLIC, there is also a movement of TM3, but this is not relevant to the environment of the propofol-binding sites.) Table 2 shows the distances between TM1 and TM2 in the same subunit and the two TM2 helices in adjacent subunits for both the open and closed states of GLIC and GluCl. These distances were calculated for the Cα carbon atoms at the level of the propofol-binding sites (residues 200 to 204 for GLIC TM1, residues 237 to 241 for GLIC TM2, 219 to 223 for GluCl TM1, and residues 258 to 262 for GluCl TM2). It is clear from these calculations that the major effect on channel closure is the coming together (by about 2.5 Å) of the TM2 helices between neighboring subunits, whereas the distance between the TM1 and TM2 helices in the same subunit is essentially unchanged. An inspection of figure 2 and figure 4, A and B shows that both propofol sites would be affected by the relative movement of the TM2 domains, with the impact probably being greater for propofol site 1.
Discussion
The idea that general anesthetics act by binding to cavities on proteins, and that some conformational states are favored if anesthetic-binding sites fortuitously exist on those conformations, but not on others, is an old one. 16, 27 It is an extension of conventional thinking about the natural allosteric transitions that occur between different functional states Fig. 3 . There is a correspondence between which amino acid residues move most on channel opening or closing and those that line the two putative propofol-binding sites adjacent to H267. (A) Segments of a sequence alignment between Gloeobacter ligand-gated ion channel (GLIC), glutamate-gated chloride channel (GluCl), and the β subunits of the human γ-aminobutyric acid type A receptor (GABAR). Only three segments containing the amino acid residues that surround the putative anesthetic binding cavities are shown. Highlighted in yellow are residues in chain A, highlighted in green are residues in chain B, and highlighted in blue is one residue that is in both chain A and chain B. (B) The movements of the amino acid residues of GLIC, averaged over the five subunits, following the opening (or closing) of the channel. (C) The movements of the amino acid residues of GluCl, averaged over the five subunits, following the opening (or closing) of the channel. In B and C, the red circles highlight the residues that were identified as lining propofol-binding site 1 and the red crosses indicate the residues that were identified as lining propofolbinding site 2; both coincide with local hot spots of channel movement. The black circles indicate residues that line a site 15 at the interface between subunits at the protein-lipid interface. TM1-2 = transmembrane domains 1 to 2. of a protein, which are governed by the concentration of an endogenous ligand and the relative affinities of the ligand to these different conformational states. 28 In the context of general anesthetics acting on GABA A receptors, this model has been refined and extended and accounts well for the molecular pharmacology of anesthetics binding to GABA A receptors. 7, 25, 29 Anesthetics binding to a cavity or cleft on a protein and displacing water, with little change in the structure of the protein, is also consistent with both thermodynamic 30 and structural observations. 26, [31] [32] [33] If this view is correct, then in addition to trying to identify anesthetic-binding sites experimentally, by mutagenesis or photolabeling, an inspection of likely anesthetic targets in different conformation states, could provide an insight as to where the anesthetics might bind. There are now two ligand-gated ion channels whose structures are known at high resolution in both the open and closed states-GLIC 17, 18 and GluCl. 19, 20 The first caveat that comes to mind immediately, however, is that ligand-gated ion channels exist in a complex free-energy landscape where changes in conformation can occur with minimal changes in energy. Hence, relating the state of an ion channel that has been crystallized, usually with detergents, to a known functional state is difficult. Nonetheless, the case that the two GLIC structures (3EAM and 4LMK) and the two GluCl structures (3RHW and 4TNV) are in the open and closed states is quite convincing. In any event, they certainly represent structures that exist in local energy minima and are thus likely to be functionally significant. When comparing the two GLIC structures, what is remarkable is how the conformational changes that occur on channel opening (or closing) are restricted to a small region of the channel at the top of TM2. The changes in the extracellular domain are much smaller, perhaps not surprising because the ligand is a proton so only minor structural changes may affect gating. With the two GluCl structures, the changes in the extracellular domain are considerably larger; however, there is a remarkable correspondence with GLIC in the transmembrane domain, with a very similar hotspot of movement centered at the top of TM2. This same region has recently been identified 34 as a key transduction site for anesthetic action (which does not preclude, of course, that it is also part of, or close to, a binding site).
This region of the receptor at the top of TM2 is also the site identified by photolabeling using the propofol analog ortho-propofol diazirine. The recent publication of the structure of a GABA A receptor consisting of a homomer of β3 subunits, 21 one of the receptors that was used in the photolabeling studies, 14 allowed propofol binding to this site to be explored using molecular docking. The structure has an agonist bound but a closed channel pore, the definition of a desensitized state. However, this structure closely resembles an open channel at the extracellular end of the transmembrane domain. 21 Moreover, kinetic models have predicted 7, 25 that propofol most likely binds to both the open and desensitized states, so docking to the β3 homomer seems reasonable. The two putative binding sites identified were both immediately adjacent to the amino acid H267 that was photolabeled. 14 One site was essentially the same at that previously proposed from homology modeling, 14 but a new site was identified, with a predicted dissociation constant of 0.7 μM, which is close to the estimated clinically relevant concentration of about 0.4 μM. 35 This higher affinity site is particularly attractive because it certainly would be disrupted, if not eliminated, on channel closure; hence, it would account for the ability of propofol to favor channel opening.
Docking has been used previously to investigate anesthetic binding to model proteins. 36 One finding of particular relevance to this study is that docking of propofol into GLIC successfully located a binding site that had been identified crystallographically. 33 This site, which is quite distinct from those that I am predicting for mammalian receptors, lies largely between TM1 and TM3. Interestingly, the amino acid residues that coordinate the propofol molecule in GLIC do not change significantly on channel opening or closing (I calculate a root mean square deviation of only 0.97 Å), suggesting this is not a state-dependent site; it is hard to see, therefore, how such a site could be pharmacologically relevant because it would be expected to bind equally to the open and closed states of the channel.
It is important to note that the structural comparisons I have made are for β homomers, and the GABA A receptor exists as a heteropentamer, and an intersubunit propofolbinding site has been proposed based on photolabeling studies on α1β3 heteromers using a propofol analog AziPm. 15 There is experimental evidence to support the idea that other anesthetics may also bind in this region of the receptor. 10, 12, 15, 37, 38 My docking calculations support the existence of such a site, albeit a site to which propofol binds with relatively low affinity. However, docking to this site really needs to be done using a heteromeric receptor as a template, and equally importantly, with lipids present. The lipids might improve affinity by These movements are calculated for the average coordinate of the Cα carbon atoms in TM1 and TM2 at the level of the propofol-binding sites. GLIC = Gloeobacter ligand-gated ion channel; GluCl = glutamate-gated chloride channel; TM1 = transmembrane domain 1; TM2 = transmembrane domain 2.
